Introduction
To ensure the safe and stable operation of railway vehicles, it is important to understand their aerodynamic characteristics in crosswind scenarios. Wind tunnel tests on scale models of railway vehicles can be used to estimate the aerodynamic forces acting on full-size railway vehicles exposed to crosswinds [1] . Improvements in computer performance have enabled computational fluid dynamics (CFD) to be used in this area. CFD is widely used in the design and development of airplanes and automobiles, and is an essential tool for fast and sophisticated design. Therefore, CFD is a promising tool for studying crosswind issues in the railway field. The applicability of CFD simulation to the evaluation of the aerodynamic characteristics of railway vehicles in crosswinds, however, first needs to be examined.
One of the difficulties of CFD is the generation of computational grids. A fine grid improves accuracy but increases computational costs. A computational grid around a circle is shown in Fig. 1 as a simple example. In the conventional CFD method, it is necessary to fit the unstructured grid to the geometry of the object ( Fig. 1 (a) ), and commercial software must be used to generate grids around complex geometries. In addition, grid generation is increasingly difficult and time-consuming as the geometry of the object becomes more complex. The Cartesian grid method however, following major advances in computer performance, can now be applied to complex geometries. In this method, the geometry of an object is represented by Cartesian grid as shown in Fig. 1 (b) , and the grid can be easily generated regardless of the complexity of the geometry. However, a fine grid must be arranged around the object to represent its detailed geometry, which leads to an increase in computational cost.
This report describes CFD simulations that were conducted to reproduce wind tunnel tests of crosswind scenarios. Aerodynamic force coefficients obtained by CFD simulations are compared with those obtained through testing. Results are presented from Reynolds-Averaged Navier-Stokes Simulations (RANS) on unstructured grids and Large-Eddy Simulations (LES) on Cartesian grids. The applicability of each method to crosswind scenarios is investigated.
CFD simulation details
A model of the leading vehicle on a commuter train set on three types of typical railway infrastructure was used for the simulations. All the cases investigated in this report are summarized in Table 1 .
The following is a brief description of the earlier wind tunnel tests. The scale of the models used in the tests was 1:40. The first wind tunnel test reproduced a full-scale test conducted in an area often affected by high winds [2] . In this test, commuter train models with simplified bogies were set on a single-track viaduct with 1-meter-thick girders. In the second test, 103-series commuter train models were set on a single-track embankment 8.72 m high. In the last test, 103-series commuter train models were set on the windward track of a double-track viaduct with girders one or six-meters thick. The train models used in the tests are shown in Fig. 2 .
The airflow was applied at various yaw angles in the tests and simulations. Yaw angle is defined as the angle between the crosswind (also called the streamwise direction) and the train longitudinal direction. 
CFD numerical methods

RANS on unstructured grids
The governing equations used were the Reynoldsaveraged Navier-Stokes equations for an incompressible flow. They were discretized by the cell-centered unstructured finite volume method. The turbulence model used in this study was the kω-SST model [3] , which is successfully used to analyze the flow around automobiles and airplanes. Model constants were not changed. The SIMPLE algorithm was used for the pressure-velocity coupling. The second-order upwind scheme was applied to the spatial derivatives of the convection term in the momentum equations. The first-order upwind scheme was applied to the spatial derivatives of the convection term in the equations for turbulence kinetic energy and specific dissipation rate. The commercial solver ANSYS Fluent ver. 15.0.7 was used in this analysis.
LES on Cartesian grids
The governing equations used were the spatially filtered Navier-Stokes equations for an incompressible flow. The governing equations were discretized by the finite difference method. The coherent structure Smagorinsky model [4] was used as the subgrid-scale model. The fractionalstep method was used for pressure-velocity coupling. Time marching was done using the third-order Adams-Bashforth method, and the second-order central difference schemes were applied to the spatial derivatives. The voxel-based method was used to represent the geometry of the models, which automatically judges whether each cell is in the fluid or solid zone. Code developed at the Railway Technical Research Institute was used in this analysis.
CFD dimensional details
RANS on unstructured grids
In the case of the single-track viaduct, the computational domain was 10 m long in the streamwise direction, 3 m high and 5 m wide. The height and the width of the computational domain were the same as those in the closed test section of the wind tunnel. The total number of cells in the grid was approximately 23 million. The grid spacing was 2 mm to 5mm on the surface of the vehicle model, whose dimensions were 66 mm high and 488 mm long. To capture the flow separation accurately, the grid spacing of the upper corner of the vehicle was 0.7 mm in the circumferential direction, and the height of the first cell above the surface of the vehicle was 0.03 mm. The grids were mainly composed of hexahedral cells.
In the case of the single-track embankment and the double-track viaduct, the streamwise length of the computational domain was 13 m because the length of the models of single-track embankment and double-track viaduct was extended at small yaw angles. In the single-track embankment case, the total number of cells in the grid was approximately 19 million at a 90° yaw angle and approximately 21 million at a 30° yaw angle. In the double-track viaduct case, the total number of cells in the grid was approximately 23 million at a 90° yaw angle and approximately 26 million at a 30° yaw angle. The maximum grid spacing on the surface of the train was 2 mm. The grid spacing of the upper corner of the vehicle was the same as that for the single-track viaduct.
A velocity boundary condition was imposed on the inlet of the domain, and a pressure boundary condition was imposed on the outlet. A no-slip boundary condition was used on the surface of the train, the models of the infrastructure and the floor of the domain. Slip boundary conditions were used on the side and the ceiling of the domain. In smooth flow cases, the velocity at the inlet was constant in space. The velocity of the inlet was 20 m/s, and the turbulence intensity was 1 %. In the TBL flow cases, the profiles of the velocity, turbulence kinetic energy and specific dissipation rate at the inlet were determined to agree with those obtained in tests conducted without any train or infrastructure models. The freestream velocity was 20 m/s. No-slip boundary condition in consideration of the surface roughness was imposed on the floor of the domain to keep the velocity profile in the TBL flow cases.
LES on Cartesian grids [5]
In the single-track viaduct case, the computational domain was 4 m long in the streamwise direction, 3 m high and 5 m wide. In the single-track embankment case, the streamwise length of the domain was extended by 2.5 m because the massive flow separation behind the train models affected the outlet boundary. Moreover, the streamwise length of the domain was extended by 3 m at the 30° yaw angle to include the whole length of the embankment model. For TBL, the total number of cells in the grid was approximately 1.2 billion at a 30° yaw angle in the embankment case and approximately 1 billion in the other cases. The total number of cells in the grid was approximately 2 billion in the smooth flow case.
A non-uniform Cartesian grid was used, and the minimum grid spacing was 1 mm in the TBL flow case and 0.7 mm in the smooth flow case. The same grids were used regardless of the yaw angle for efficient pre-processing except in the embankment case at a 30° yaw angle. Thus, fine grids were arranged around the train models so that the geometry of the train models could be accurately represented regardless of the yaw angle.
In the smooth flow case, the velocity at the inlet was constant in time and space. The velocity of the inlet was 30 m/s. In the TBL flow case, the unsteady velocity field generated by the preliminary simulation described below was used as the inlet boundary condition. The advective boundary condition was imposed on the outlet. The velocity on the floor and the surface of the train and infrastructure models was fixed at zero. Slip boundary conditions were used on the side and the ceiling of the domain.
To simulate the wind tunnel tests for TBL flow, it was necessary to generate an unsteady flow field impinging on the train models in the CFD analysis. Therefore, the simulation of the TBL flow was conducted beforehand. The barrier, spires and roughness blocks were placed in the computational domain just as they were in the wind tunnel tests, and the velocity of the inlet was fixed at 30 m/s. The unsteady velocity field at the cross-section that corresponded to the inlet of the computational domain for the flow around the train models was saved and used as the inlet boundary condition to run simulations for the flow around the train models.
The computational domain for the TBL flow was 21.8 m long in the streamwise direction, 3 m high and 5 m wide. The total number of cells in the grid was 81 million, and the minimum grid spacing was 10 mm.
The physical time step was 1.67×10 -6 s in the simulations for the flow around the train models. The non-dimensional time step based on the height of the car body 0.066 m and the velocity 30 m/s was 7.58×10 -4 . When the Courant-Friedrichs-Lewy criterion was violated, the physical time step was reduced to 1.00×10 -6 s or 0.67×10 -6 s. The physical time step was 3.33×10 -5 s in the simulation for the TBL flow as the grid spacing was larger than that used in the simulations for the flow around the train models.
The instantaneous flow field of the TBL is shown in Fig. 3 , which is the isosurface of the second invariant of the instantaneous velocity gradient colored by the velocity magnitude. The vertical profiles of the time-averaged streamwise velocity and the streamwise turbulence intensity of the TBL flow are shown in Fig. 4 . The results obtained by LES are in good agreement with those obtained by the test, and the TBL flow in the wind tunnel test can be reproduced well in LES. 
Results
Comparisons are made here between the side and lift force coefficients obtained by CFD simulations and those obtained in the wind tunnel tests. Each aerodynamic force coefficient is defined by (1):
where C i is the side (i=S) or lift (i=L) force coefficient, F i is the time-averaged side (i=S) or lift (i=L) force, ρ is the density of the air, U is the time-averaged velocity of the oncom-ing flow at the height of the center of the car body, and A is the side area of the car body. In LES analysis, the time-averaged flow was obtained from a calculation covering about 0.17 s in the smooth flow case and approximately 1 s in the TBL flow case, which was performed after a sufficiently long time after the initial stage. These values correspond to 75 and 450 in nondimensional time.
Single-track viaduct
The side and lift force coefficients (C S and C L ) in the single-track viaduct case are shown in Fig. 5 and Fig. 6 . The results for the smooth flow case are shown in Fig. 5 , and those for the TBL flow case are shown in Fig. 6 .
In the smooth flow case, C S obtained by RANS (on unstructured grids) and LES (on Cartesian grids) were in good agreement with the experimental results. On comparison, the differences between the computational and experimental results were larger in the case of C L than C S . In the TBL flow case, C S values obtained by LES were closer to the experimental values than those obtained by RANS. In the smooth flow case, the difference in C S between the computational and experimental values was 0.05 at most and 0.03 on average for RANS, and 0.08 at most and 0.05 on average for LES for all four yaw angles. In the TBL flow case, the difference in C S was 0.16 at most and 0.14 on average for RANS, and 0.14 at most and 0.09 on average for LES.
Comparing Fig. 5 with Fig. 6 , C L in the TBL flow case was larger than that in the smooth flow case at the 90° yaw angle. The distribution of the pressure coefficients around the train model at the 90° yaw angle is shown in Fig. 7 , and that of the streamwise velocity normalized by the reference velocity in the same plane is shown in Fig. 8 . These results were obtained by RANS. The large negative pressure on the windward corner of the roof can be seen in the TBL flow case. The flow separation on the roof was delayed in the TBL flow case, and the flow was attached to the windward roof, which leads to heavy suction around the windward corner of the roof. Besides, the region of the reversed flow behind the train model was smaller in the TBL flow case of Fig. 8 .
In the smooth flow case, C S at the 70° yaw angle was larger than that at the 90° yaw angle. In contrast, C S at the 70° yaw angle was smaller than that at the 90° yaw angle in the TBL flow case. The pressure coefficients obtained by RANS on the leeward surface of the train model at the 70° yaw angle are shown in Fig. 9 . A large negative pressure was seen near the head of the train in the smooth flow case. However, in the TBL flow case, the variation of the pressure in the longitudinal direction of the train was small.
The distributions of the streamwise velocity at the height of the center of the car body at the 70° yaw angle are shown in Fig. 10 . In the smooth flow case, the region of the reversed flow was small near the head of the train and large near the tail. In contrast, the size of the reversed flow was constant in the longitudinal direction of the train in the TBL flow. The three-dimensional flow in the smooth flow case seemed to lead to the heavy suction near the head at the 70° yaw angle.
Single-track embankment
C S and C L in the single-track embankment case are shown in Fig. 11 for the TBL flow. The differences between the computational and experimental results were larger with RANS at large yaw angles than with LES. These differences in the embankment case were larger than those in the single-track viaduct case described above. The instantaneous flow field obtained by LES at the 90° yaw angle is shown in Fig. 12 . Massive separation occurred, and large-scale flow structures can be seen behind the embankment. Compared to LES, RANS tends to be poorer at predicting the complex flow field due to the strong dependence on the turbulence model. The embankment induced the large flow separation at large yaw angles, which affected the flow field around the train model. Therefore, the strongly unsteady flow around the train model on the embankment led to the poor prediction of C S in RANS. The difference in C S between the computational and experimental values was 0.34 at most and 0.20 on average for RANS, and 0.20 at most and 0.11 on average for LES for all four yaw angles.
Double-track viaduct
C S and C L on the double-track viaduct case are shown in Fig. 13 for the TBL flow. The simulations were conducted only by RANS. The difference in C S between the computa- tional and experimental values was 0.15 at most and 0.08 on average for all four cases. C S depended on girder thickness at the 90° yaw angle. In contrast, C S was almost the same at the 30° yaw angle regardless of the girder thickness. RANS can capture these trends in C S . The distribution of the pressure coefficients around the train model at the 90° yaw angle is shown in Fig. 14 , and that at 30° yaw angle, in Fig. 15 . The large negative pressure field spread behind the viaduct at the 90° yaw angle in the case of six-meter thick girder, which led to the increase in C S . On the other hand, the difference in the pressure field behind the viaduct was hardly visible at the 30° yaw angle. Thus, C S remained constant regardless of the girder thickness at the 30° yaw angle.
Conclusions
CFD simulations were carried out to reproduce typical wind tunnel tests used to investigate crosswind scenarios. RANS on unstructured grids and LES on Cartesian grids were conducted, and the applicability of each method was investigated.
In the single-track viaduct case, both RANS and LES predicted aerodynamic force coefficients similar to those measured in the wind tunnel tests. However, in the singletrack embankment case, the predictive capability of RANS was poorer than that of LES due to the massive flow separation induced by the embankment.
The maximum difference in C S between the LES on Cartesian grids results and experimental values was 0.2 for all the cases discussed in this report. It is possible to reasonably predict C S obtained through tests using the grid resolution described in section 4.2. 
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